666781 


Research  and  Development  Technical  Report 

ECOM-0630-F 


SINGLE  FREQUENCY  F,  ,  F.  REPEATER 


FINAL  REPORT 


G.  JOHNSTON,  .  REDMOND,  AND  G.  THOMSON 

MARCH  1968 

Sponsored  by 

ADVANCED  RESEARCH  PROJECTS  AGENCY 
ARPA  ORDER  694 


UNITED  STATES  ARMY  ELECTRONICS  COMMAND*  FORT  MONMOUTH,  N.J. 


CONTRACT  DAAB07  67-C-0630 

AIRBOkNE  instruments  laboratory 

A  DIVISION  OF  CUTlER-HAMMER 
DEER  PARK,  NEW  YORK  11729 

DISTRIBUTION  OF  THIS  DOCr  “1,Tcn 

CLEARINGHOUSE 

for  Federal  Scientific  &  Technical 
Information  Springfield  Vj.  22151 


D  D  C 

fjlErSGMcT 

p|  WAR  2  G  1968  I 

j  Iteij-Jihij  irdi. 

c 


TECHNICAL  REPORT  ECOM-0630  F 


March  1968 


SINGLE  FRFQUENCY  Fj,  Fj  REPEATER 


Final  Report 

1  July  1967  to  30  November  1967 
Contract  No.  DAA  B07-67-C  0630 


Prepared  By 

G.  Johnston,  K.  Redmond,  and  G.  Thomson 

Airborne  Instruments  Laboratory 
A  Division  of  Cutler -Hammer,  Inc. 

Deer  Park,  New  York  11729 

For 

U.  S.  ARMY  ELECTRONICS  COMMAND,  FORT  MONMOUTH,  N.  J. 

Sponsored  By 

Advanced  Research  Projects  Agen  y 
ARPA  Order  694 


DISTRIBUTION  OF  THIS  DOCUMENT  IS  UNLIMITED 


ABSTRACT 


The  objective  of  this  study  was  to  determine  the  feasibility  of  new  technical 
concepts  inherent  in  the  design  of  Fl,  Fl  repeaters.  This  technical  report  covers  two 
novel  versions  of  small  Fl,  Fl  radio  repeaters  desiifned  for  U3e  with  FM  tactical  trans¬ 
ceivers.  Both  developmental  models  are  linear,  single  frequency  repeaters  (Fj,  Fl), 
one  is  high  gain  (50  db);  the  other  wide -band  (500  kHz). 

The  design  of  these  repeaters  utilizes  the  concepts  of  hybrid  isolation  and 
Drecise  antenna  matching.  The  results  indicate  that  true  Fj,  Fi  radio  repeaters  are 
feasible. 

Included  are  detailed  discussions  of: 

1.  F,.  F,  reoeater  concert. 

1 '  X  "  ' 

2.  Antenna  matching  and  broadbanding  techniques, 

3.  Hybrid  isolation, 

4.  Amplifier  and  filter  development, 

5.  Tests  and  evaluation, 

6.  Miniaturization, 

7.  Future  trends  and  goals. 
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SECTION  I 
INTRODUCTION 


The  tactical  value  of  short-range,  man-pack  portable,  FM  two-way  voice 
communication  radio  sets  is  frequently  impaired  by  jungles  as  well  as  rough  and  hilly 
terrain  typical  of  present-day  combat  situations.  The  absorption  and  scattering  of 
radio  signals  by  dense  jungles  and  the  shadow  effect  of  hills  reduce  the  effective 
range  of  this  VHF  equipment  to  a  small  fraction  of  its  free  space  range.  A  strategic¬ 
ally  deployed  repeater  can  enhance  and  extend  the  performance  of  ose  radio  sets  by 
providing  transmission  paths  around  obstacles  and  over  the  jungle.  To  be  of  tactical 
value  such  a  repeater  must  be  operationally  simple,  light  in  weight,  and  easily  de¬ 
ployed. 


Airborne  Instruments  Laboratory  (AIL),  a  Division  of  Cutler-Hammer, 
Inc. ,  has  recognized  the  need  for  radio  repeaters  to  improve  tactical  communications 
in  combat  areas.  A  radio  signal  repeater  has  beei.  designed  and  constructed  which 
receives,  amplifies,  and  retransmits  a  signal  without  shifting  the  signal  to  another 
frequency  channel,  hence  its  name,  "Fj,  Fj  Repeater." 


As  an  example,  such  a  repeater  might  be  hand-carried  by  a  combat  patrol 
and,  in  their  advance,  planted  on  a  hilltop  with  a  battery  3upply  sufficient  for  one  or 
two  days  of  operation.  This  hilltop  repeater  would  extend  the  communication  capability 
into  otherwise  inaccessible  places.  Later  if  the  patrol  should  return  through  the  same 
area,  the  repeater  would  be  retrieved.  If  the  repeater  could  not  be  retrieved,  it  could 
be  destroyed  by  a  timed  self-destruct  mechanism. 


At  the  present  time,  the  repeater  requirement  can  be  met  by  combining 
two  radio  sets  such  as  the  AN  PRC-25  through  a  special  junction  be::  and  operating 
each  leg  of  the  relay  at  different  frequencies  (F2,  Fj).  However,  this  arrangement 
is  operationally  cumbersome  and  expensive,  and  requires  that  three  additional  pieces 
of  equipment  be  carried  by  the  patrol.  Using  different  frequencies  for  each  leg  of  the 
relay  creates  operational  complexities  by  requiring  procedures  for  switching  between 
the  relay  frequencies  on  both  the  outgoing  and  return  trip  of  the  patrol.  In  areas  of 
high  radio  density,  where  spectrum  conservation  is  desirable,  two  frequency  repeaters 
may  prove  cumbersome.  A  self-contained,  lightweight  repeater,  operating  within  the 
same  frequency  channel  on  both  legs  of  the  relay  presents  a  straightforward  solution 
to  this  problem. 

The  two  repeaters  designed  and  constructed  by  AIL  are  simple,  compact, 
and  true  linear  Fl,  Fi  devices.  One  repeater  is  a  narrow  band  (50  kHz),  high  gain 
(50  db)  unit  which  utilizes  a  crystal  filter  in  the  amplifier  leg  as  shovn  in  Figure  1. 

The  other  is  a  wide  band  (500  kHa),  medium  gain  (37  db)  unit  with  a  tuned  amplifier 
between  receiving  and  transmitting  ports  of  the  hybrid,  as  shown  in  Figure  2.  In  both 
these  repeaters,  the  received  signal  is  amplified  and  retransmitted  at  tii^  same  fre¬ 
quency.  To  permit  single  antenna  operation,  the  transmitted  signal  leakage  into  the 
amplifier  input  is  reduced  by  use  of  a  carefully  balanced  hybrid  to  isolate  the  low-level 
receiving  port  from  the  high-level  transmitting  port.  A  well-matched  antenna  is  con¬ 
nected  to  a  third  port  and  the  final  port  is  terminated.  To  avoid  oscillations,  the 
amplifier  gain  cannot  exceed  the  isolation  between  the  transmitting  and  receiving  ports. 


Hybrid  performance  is  critical  in  repeaters  of  this  type,  therefore  a  brief 
description  of  the  problems  encountered  is  presented  here.  The  hybrid  used  in  the 
Fj,  Fi  repeater  must  isolate  the  input  and  output  of  the  amplifier  to  prevent  oscilla¬ 
tion.  In  addition,  it  must  permit  signals  received  by  the  antenna  to  be  coupled  to  the 
input  of  the  amplifier  while  simultaneously  coupling  the  signal  from  the  output  of  the 
amplifier  to  the  antenna.  Normally  in  a  hybrid,  exceptionally  low  VSWR  is  required 
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FIGURE  1.  HIGH-GAIN  REPEATER,  BLOCK  DL4GRAM 


for  the  termination  to  obtain  high  isolation.  Although  great  care  has  been  taken  to  pro¬ 
vide  this  low  VSWR  termination,  the  hybrid  has  been  designed  with  special  adjustments 
which  can  provide  high  isolation  even  when  the  termination  VSWR  is  above  the  mini¬ 
mum  theoretical  level  for  a  desired  isolation.  This  adjustment  circuit  jIso  permits 
higher  gain  over  a  wider  bandwidth  than  is  normally  possible  with  a  standard  hybrid. 

As  can  be  seen  from  this  discussion,  there  are  several  basic  problems 
to  be  overcome  if  stable  operation  is  to  result.  Each  of  thesj  problems,  that  is, 
antenna  and  amplifier  VSWR,  hybrid  isolation,  antenna  reflection  coefficient  and 
svstem  bandwidth  will  all  be  discussed  in  detail  in  the  sections  to  follow. 
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FIGURE  2.  WIDE-BAND  REPEATER,  BLOCK  DIAGRAM 
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SECTION  n 

GENERAL  Fp  Fj  REPEATER  CONSIDERATIONS 

Figure  3  shows  a  block  diagram  of  the  simple  F] ,  Fj  repeater.  It  con¬ 
sists  of  an  antenna,  an  amplifier,  and  a  miniature  hybrid.  This  repeater  is  basically 
a  one-port  amplifier,  designed  to  retransmit  the  received  signal  in  exactly  the  same 
frequency.  This  section  contains  an  analysis  of  the  stability  of  this  system.  Relations 
between  antenna  VSWR,  hybrid  Isolation,  and  amplifier  gain  are  derived. 

A.  ANALYSIS 

The  equivalent  flow  block  diagram  of  this  repeater  is  shown  in  Figure  4. 

The  3-db  hybrid  losses,  hybrid  feedthrough,  and  effects  of  antenna  mismatch  are 
shown.  Hybrid  coupling  coefficients  are  labeled  K12;  that  is,  under  impedance  matched 
conditions  the  relative  voltage  appearing  at  port  2  is  due  to  /oltage  at  port  1  (and  vice 
versa).  The  closed  loop  response  of  the  system  is  given  by: 


H  - 


1  +  G  !  B  +  £■ 
1  7 


(1) 


where 


G  -  amplifier  gain, 

B  =  hybrid  feedthrough, 

T  =  antenna  voltage  reflection  coefficient. 


If  the  denominator  vanishes,  the  gain  increases  without  bound  and  the  loop  ost-  .ates. 
The  exact  behavior  of  T  is  frequency  dependent  and  determined  by  the  antenna  (Appen¬ 
dix  I).  If  the  magnitude  of  the  loop  gain  ic  made  less  than  unity  for  all  frequencies, 
hen  the  loop  cannot  oscillate.  If  the  loop  gain  is  made  much  less  than  unity,  then  the 
forward  gain  of  the  overall  repeater  is  given  appr  ximately  by  (1/2)G.  For  all  phases 
of  G,  B,  and  r,  a  stable  repeater  is  assured  if 


iG| 


(2) 


or 


_L 


B 


This  maximum  value  of  G  is  plotted  in  Figure  5  as  a  function  of  T  for  several  values 
of  B.  This  figure  shows  that  very  low  antenna  VSWR  is  needed  to  realize  the  full  iso- 
latior.  capability  of  the  hybrid.  In  fact,  the  abscissa  of  this  plot  might  have  been  labeled 
"Equivalent  Hybrid  Isolation, "  thereby  more  generally  describing  the  effect  of  hybrid 
termination  VSWR  upon  hybrid  isolation. 
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We  note  that  if  the  product  in  equation  2  is  much  less  than  unity,  then 
H  ~  G/2.  The  sensitivity  of  the  repeater  is  limited  by  the  noise  figure  of  the  ampli¬ 
fier.  The  hybrid  has  the  effect  of  introducing  a  3-db  loss  in  the  signal  path.  As  a 
result,  the  noise  figure  of  the  repeater  is  3  d!  renter  than  that  of  the  amplifier  alone. 
Thus,  if  the  amplifier  has  a  noise  figure  of  10  db,  the  repeater  will  have  an  overall 
noise  figure  of  13  db. 

B,  EXPERIMENTAL  DATA  FOR  Fp  F.  REPEATER 


1.  HIGH-GAIN  REPEATER 


A  complete  breadboard  model  repeater  was  assembled  and  tested.  The 
circuit  configuration  is  show in  Figure  1.  The  amplifier  gain  was  controlled  by 
means  of  a  separately  applied  DC  bias  to  the  AGC  bus.  The  hybrid  term'nation  and 
antenna  matching  network  were  tuned  for  maximum  solation  in  this  co  iguration. 

With  the  50-kHz  filter,  5 1  -db  repeater  gain  was  achieved.  These  gains 
were  measured  by  noting  the  maximum  amplifier  gain  which  could  be  achieved  before 
the  loop  oscillated,  and  then  subtracting  the  hybrid  and  circuit  loss.  Thus,  these  num¬ 
bers  <3  re  indicative  of  the  effective  isolation  achieved  with  the  hybrid  terminated  in  the 
anten 

2.  WIDE -BAND  REPEATER 

A  complete  prototype  model  repeater,  designated  AIL  Model  2282,  was 
constructed,  tested,  and  delivered  to  USAECOM  under  this  contract.  The  circuit  con¬ 
figuration  is  shown  in  Figure  2,  and  the  electronic  package,  less  the  antenna,  is  shown 
in  Figures  6  and  7.  This  repeater  has  been  designed  to  function  without  any  operator 
controls.  An  on-off  switch  has  been  provided  to  allow  conservation  of  battery  power 
when  tests  are  not  being  conducted. 

The  operating  characteristics  of  the  repeater  are  as  follows: 

0  db 

31.  15  MHz 
0.5  MHz 
8.5  db 

15  to  40  db,  adjustable 
‘-6.  5  dbm 

The  data  and  performance  of  both  the  high-gain  and  wide-band  repeaters 
have  shown  the  feasibility  of  receiving,  amplifying,  and  retransmitting  a  signal  with¬ 
out  shifting  to  another  frequency. 


Antenna  gain 
Center  frequency 
Bandwidth  (3  db) 

Noise  figure 
Unsaturated  gain 
Maxim  am  power  output 
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FIGURE  7.  WIDE -BAND  REPEATER  ELECTRONIC  PACKAGE  (LAYOUT) 
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SECTION  III 

SPECIAL  COMPONENT  TECHNIQUES  AND  DEVELOPMENTS 


A.  ANTENNA  AND  MATCHING  NETWORKS 

1.  ANTENNA  MATCHING  (HIGH-GAIN  REPEATER) 

In  the  system  analysis  described  in  Section  II  A,  it  was  shown  that  the 
effective  isolation  provided  by  the  hybrid  is  ont  jf  the  limiting  factors  for  Fj,  Fj  re¬ 
peaters.  It  was  shown  that  the  effective  isolation  of  the  hybrid  was  limited  by  the 
VSWR  of  the  antenna.  It  was  also  shown  that  the  stability  (and  thus  the  maximum 
permissible  gain)  of  this  type  of  repeater  was  essentially  limited  by  the  VSWR  of 
the  antenna.  Therefore,  antenna  mismatch  was  one  cf  the  most  serious  problems 
requiring  attention  during  the  program. 

The  developmental  antenna  chosen  by  AIL  was  a  commercially  available 
rr.onopole  with  adjustable  ground  plane.  This  particular  antenna  provides  several  dis¬ 
tinct  advantages. 

1.  Tabular  aluminum  construction  makes  the  antenna  exceptionally 
lightweight 

2.  Adjustable  ground  plane  permits  operation  at  any  frequency  in 
the  20  to  40  MHz  band 

3.  Ground  plane  permits  elevated  operation  of  the  antenna,  so  that 
no  near  fi^ld  obstacles  will  affect  antenna  parameters 

4.  Monopole  characteristics  can  be  easily  transformed  to  those  of 
the  dipole  for  further  comparison 

The  antenna  was  mounted  on  a  20-foot  pole  at  the  AIL  antenna  test  range. 

A  coaxial  cable  of  one  electrical  wavelength  was  fabricated  to  facilitate  measurements 
of  antenna  impedance  at  ground  level.  Preliminary  measurements  indicated  that  the 
antenna  was  high  Q,  and  that  broadbanding  techniques  would  be  required  to  meet  the 
VSWR  requirements.  To  accomplish  this,  a  6-inch  wide  copper  screen  was  attached 
to  the  monopole.  With  this,  the  antenna  (Figure  8)  showed  more  desirable  broadband 
characteristics.  The  antenna  mpedance  characteristics  are  plotted  In  Appendix  II. 

A  one-pole,  Butterworth  matching  network  was  designed  using  the  antenna 
impedance  as  part  of  the  network  to  obtain  the  required  50-ohm  impedance  and  VSWR. 
Measurements  indicated  that  antenna  VSWR  of  less  than  1.02  could  be  maintained  over 
a  50-kHz  band  at  30  MHz.  As  noted  in  Section  II  A  and  Figure  5,  this  is  the  antenna 
VSWR  necessary  to  obtain  40-db  repeater  gain. 

2.  ANTENNA  MATCHING  (WIPE-BAND  REPEATER) 

In  an  effort  to  extend  the  operational  bandwidth  of  the  repeater,  greater 
emphasis  was  placed  on  further  broadbanding  the  antenna  response.  This  method  con¬ 
sisted  of  adding  another  pole  of  the  Butterworth  matching  network.  The  Butterworth 
response  was  chosen  because  of  its  maximally  flat  response  across  the  pass  band. 

With  this  matching  network,  an  antenna  VSWR  of  less  than  1.  05  was  measured  over  a 
1-MHz  bandwidth. 

The  repeater  was  now  capable  of  being  operated,  without  a  crystal  filter, 
over  a  much  broader  frequency  range.  The  impedance  characteristics  and  matching 
network  design  are  included  in  Appendix  II.  This  antenna  subsystem  is  the  one  that 
is  used  in  the  final  wide-band  repeater. 
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FIGURE  8.  MONOPOLE  ANTENNA  OUTLINE 


3.  DISCONE  ANTENNA 


To  augment  the  antenna  design,  It  was  felt  that  investigation  of  other 
antenna  configurations  was  necessary.  Broadband  antenna  techniques  suggest  the 
use  of  wide-angle  biconical  antennas  or  their  derived  types,  for  example,  discones. 

The  discone  antenna  (Figure  9)  was  breadboarded  and  tested  at  the  AIL 
antenna  test  range.  The  antenna  dimensions  and  flare  angle  were  chosen  to  provide 
operation  in  the  flat  portion  of  the  resistance  and  reactance  curves  to  gain  broader 
operation  (reference  1). 

Test  results  indicate  that  operation  over  a  bandwidth  of  approximately 
1.  5  MHz,  with  a  VSWR  of  less  than  1. 05,  can  be  achieved  with  a  suitable  matching 
network  (Appendix  n).  It  should  be  noted  that  at  frequencies  in  the  lower  V11F  band, 
these  antennas  become  quite  large. 


B.  HYBRID  AND  TERMINATIONS 


The  method  by  which  a  hybrid  provides  isolation  from  the  input  to  the  out¬ 
put  of  the  amplifier  while  coupling  both  to  the  antenna  can  be  explained  with  the  aid  of 
Figure  10.  In  the  diagram  a  hybrid  comprised  of  four  one-quarter  wavelength  lines  is 
shown.  One  of  the  lines  has  had  the  connection  at  one  end  reversed  to  provide  a 
180-degree  phase  shift,  and  thus  form  a  three-quarter  wavelength  line.  There  are 
two  paths  through  the  hybrid  connecting  the  input  and  the  output  of  the  amplifier.  One 
path  length  is  one-half  wavelength,  while  the  second  is  a  full  wavelength.  Signals, 
emanating  from  the  output  of  the  amplifier,  will  arrive  from  the  two  paths  at  the 
input  of  the  amplifier  in  an  out  of  phase  condition  and  will  cancel.  However,  signals 
from  the  antenna  will  reach  the  input  of  the  amplifier,  and  signals  from  the  output  of 
the  amplifier  will  reach  the  antenna  through  the  quarter  wavelength  lines  in  the  hybrid 
connecting  the  amplifier  to  the  antenna.  Isolation  between  the  input  and  output  of  the 
amplifier  normally  becomes  low  when  the  antenna  VSWR  becomes  high.  The  hybrid 
used  in  this  system  includes  a  special  network  which  permits  an  adjustment  to  com¬ 
pensate  for  relative  high  antenna  VSWR.  This  network  also  permits  automatic  ad- 


juoiuieiit  for  the  change  In  antenna  VSWR  ever  a  frequency  range 
vides  high  isolation  over  a  relatively  wide  bandwidth. 
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The  hybrid  used  for  the  high  gain  Fj,  Fj  repeater  was  a  commercially 
available  high-isolation  hybrid.  An  adjustment  network  was  added  to  this  hybrid. 

The  hybrid  used  for  the  wide-band  repeater  was  built  at  AIL  and  contained  the  hybrid 
and  the  adjustment  network  in  a  single  enclosure.  A  more  detailed  discussion  of  the 
hybrid  circuitry  is  contained  in  Appendix  III.  The  performance  specifications  of  the 
AIL  hybrid  are  as  follows: 
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FIGURE  10.  HYBRID  CIRCUIT  DIAGRAM 


C.  AMPLIFIER  AND  FILTER 


The  filter  used  in  the  high-gain  repeater  unit  was  a  commercial,  50-kHz 
bandwidth,  crystal  filter  with  a  center  frequency  of  30  MHz  and  an  insertion  loss  of 
5  db.  The  amplifier  used  in  the  high-gain  repeater  has  a  minimum  bandwidth  of  2  MHz 

_ *  -  r  -  J  -A  OA  1ITI-  'T'U  l  «  OA  *7  A  »4V*  TKa  n  w  mIUI  or  AirAllifrU 

LCUlCiCU  at  OU  milt.  A  nc  to  «MjuutuMiV  *»«'*»  ww  iu  i  W  MW.  A  **v  * w» 

is  similar  to  that  used  for  the  broadband  unit  described  below. 


The  filter  used  in  the  broadband  unit  is  a  three-pole  helical  resonator  type. 
A  circuit  diagram  of  this  filter  is  shown  in  Figure  11.  Design  information  for  this  type 
of  filter  is  given  in  reference  2.  The  performance  data  taken  on  this  filter  is  tabulated 
below. 


‘o 
BW 

BW, 


3db 


30db 
Insertion  loss 


Input  VSWR 
Output  VSWR 


30.  1  MHz 
0.  5  MHz,  nominal 
2.  5  MHz,  nominal 
6.  8  db 

1.  5  at  center  frequency 
1.  5  at  center  frequency 


In  this  broad-bandwidth  repeater,  the  filter  was  placed  between  the  pre¬ 
amplifier  and  post-amplifier  to  provide  the  best  compromise  between  noise  figure, 
saturation  from  out  of  band  signals,  and  output  power.  Insertion  of  the  filter  after 
the  preamplifier  provides  the  best  noise  figure.  Placing  the  filter  before  the  pre¬ 
amplifier  would  result  in  the  insertion  loss  of  the  filter  adding  to  the  noise  figure  of 
the  amplifier.  Placing  the  filter  before  the  post -amplifier  prevents  saturation  of  the 
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post-amplifier  by  out-of-band  signals.  Placing  the  filter  after  the  post-amplifier 
would  reduce  the  maximum  available  output  power  of  the  system  by  an  amount  equal 
to  the  insertion  loss  of  the  filter. 


To  facilitate  any  change  in  design  required  by  system  performance  during 
development,  discrete  circuitry  was  used.  However,  miniature  components  were 
used  to  keep  the  amplifier  volume  as  small  as  possible.  The  amplifi.  ••  cross  section 
is  less  than  0.  5-inch  square,  excluding  mount  flanges.  The  volume  cf  the  post-ampli¬ 
fier  Is  1  cubic  inch,  and  the  preamplifier  is  1.  75  cubic  inches.  There  are  two  stages  of 
amplification  in  the  preamplifier  and  one  in  the  post-amplifier.  All  of  the  transis’ors 
are  silicon  devices,  capable  of  providing  30  db  of  unneutralized  gain  at  30  MHz.  The 
first  stage  of  the  preamplifier  was  designed  for  a  low-noise  figure  and  low  VSWR. 

The  noise  figure  of  the  first  stage  can  be  adjusted  to  be  as  low  as  3  db.  When  the  in¬ 
put  matching  is  adjusted  for  minimum  VSWR,  the  noise  figure  can  reach  a  maximum 
of  5  db.  The  input  VSWR  does  not  exceed  1. 1  at  30  MHz.  The  second  stage  was 
assigned  the  manual  gain  control  (MGC)  function  to  prevent  the  variation  in  * ransistor 
input  impedance  occurring  with  MGC  from  affecting  the  amplifier  input  VSWR.  For¬ 
ward  MGC  is  used  to  aid  in  reducing  distortion  with  high-signal  levels.  The  MGC 
circuit  is  designed  so  that  the  gain  jan  be  controlled  through  a  potentiometer  connected 
to  tne  amplifier  s  .pply  voltage.  The  specifications  for  the  preamplifier  are  as  follows: 

30  MHz 

3  MHz  nominal 
20  to  40  db  nominal 
5  db  maximum 
1.  1  maximum 
1. 5  maximum 
50  ohms  nominal 

Tne  post-ampnner  contains  only  one  stage  because  its  main  Inactions  are 
to  provide  a  proper  termination  for  the  filter  and  the  hybrid  and  to  overcome  the  filter 
insertion  loss.  More  than  enough  gain  is  supplied  by  this  single  stage  for  these  func¬ 
tions.  The  specifications  for  this  amplifier  are  as  follows: 

30  MHz 
?  MHz  typical 
17  db 

*6  dbm  (1-db  compression) 

1.  1  maximum 
1.  3  maximum 
50  ohms  nominal 


D.  SYSTEM  TESTS  AND  EVALUATION 

1.  HIGH-GAIN  REPEATER  BENCH  TESTS 
a.  HYBRID  ISOLATION 

The  circuit  shown  in  Figure  12  was  used  in  the  laboratory  to  measure  the 
hybrid  isolation. 
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FIGURE  11.  30-MHz  FILTER,  SCHEMATIC 


FIGURE  12.  HYBRID  ISOLATION  TEST 


The  hybrid  matching  network  was  adjusted  to  give  maximum  is  olation  with 
a  -40  dbm,  30-MHz  input  signal  to  the  amplifier.  The  isolation  recorded  was  >  60  db 
with  the  gain  control  set  to  32  db,  and  56  db  with  the  gain  control  set  to  47  db.  The 
change  it.  isolation  with  gain  setting  can  '  ~  attributed  to  the  amplifier  input  VSWR 
changing  wirr,  MGC.  In  subsequent  amplifier  design,  greater  care  was  exercised  to 
reduce  this  VSWR  change  with  MGC. 

b.  SYSTEM  TEST 

The  circuit  shown  in  Figure  13  was  used  in  the  laboratory  to  measure  max¬ 
imum  gain  before  oscillation  occurred. 

The  antenna  port  was  loaded  with  a  low  VSUT>  50-ohm  termination.  Using 
a  commercially  available,  4-port  hybrid,  the  available  rain  before  oscillation  was  47  db. 
It  was  of  interest  to  determine  whether  other  available  hybrids  were  good  enough  to 
provide  the  required  isolation.  The  following  hybrids  were  inserted  and  the  gain  be¬ 
fore  oscillation  was  noted: 

Test  hybrid  No.  2  Gain  before  oscil'ation  47  db 
Test  hybrid  No.  3  Gain  before  oscillation  47  db 

2.  HIGH-GAIN  REPEATER  FIELD  TESTS 


a.  SYSTEM  PERFORMANCE 


The  circuit  shown  in  Figure  14  was  set  up  at  the  AIL  Antenna  Test  Range 
to  measure  system  performance. 
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FIGURE  13.  HIGH-GAIN  REPEATER  SYSTEM  TEST  (BENCH) 
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FIGURE  14.  HIGH -GAIN  REPEATER  SYSTEM  TEST  (FIELD! 
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The  antenna  and  its  matching  network  were  adjusted  to  50  ohms  and  zero 
reactance  using  a  Boonton  (Model  250-A)  RX  Meter.  The  hybrid  matching  network 
was  then  adjusted  for  maximum  isolation.  With  a  35-kHz  crystal  filter  inserted  in 
the  amplifier  loop,  a  maximum  repeater  gain  of  51  db  was  noted.  With  an  80-kHz  crys¬ 
tal  filter  inserted  in  the  amplifier  loop,  a  maximum  repeater  gain  of  44  db  was  noted. 

It  is  apparer*  from  this  test  that  higher-stable  gains  can  be  achieved  when  the  bandwidth 
is  reduced. 


b.  REPEATER  GO-NO-GO  FIELD  TEST 

To  perform  a  qualitative  GO-NO-GO  test,  the  circuit  oi  Figure  14  was 
utilized  and  the  following  procedure  followed. 

1.  One  AN/PRC-25  was  situated  directly  under  the  repeater  antenna 
ground  plane.  A  small  wire  antenna  was  used  to  reduce  its  power 
output  and  sensitivity. 

2.  The  repeater  gain  was  set  to  41  db  and  an  amplifier  output  of 
-16  dbm  (measured  at  RF  VTVM  Bridging  Point)  was  noted  when 
the  AN/PRC-25  was  keyed  on.  This  amounted  to  a  receive  sig¬ 
nal  at  ttie  repeater  of  -55  dbm. 

3.  The  other  AN/PRC-25  was  moved  some  distance  from  the  re¬ 
peater  and  down  a  loading  ramp  (below  ground  level)  so  line-of- 
sight  conditions  did  not  exist  between  the  two  radio  sets.  At  this 
point,  the  repeater  was  turned  on  and  communications  between 
the  sets  were  normal.  When  the  repeater  was  turned  off,  there 
were  no  communications. 

These  procedures  were  followed  on  several  occasions  and  in  each  case 
communications  were  established  only  when  the  repeater  was  on. 

3.  WTDE-BAND  REPEATER 

A  complete  exploratory  development  model  repeaier  has  been  assembled 
and  tested.  The  circuit  configuration  is  shown  in  Figure  15  and  the  electronic  package, 
less  the  antenna,  is  shown  in  Figures  6  and  7.  The  unit  measures  4  inches  wide  by 
6  inches  long  by  2  inches  deep,  exclusive  of  the  mounting  plate. 


The  amplifier  gain  is  controlled  by  means  of  a  front  panel  adjustment  which 
supplies  a  DC  bias  to  the  AGC  bus.  The  output  level  of  the  amplifier  was  monitored 
with  a  VTVM  at  the  amplifier  output  bridging  point.  With  a  system  bandwidth  of  500  kHz, 
stable  repeater  gains  of  37  db  have  been  recorded.  The  specifications  of  the  repeater 
are: 


Carrier  frequency 


BW 


3db 


Linear  output  power 


Effective  noise  figure 
Unsaturated  repeater  gain 


30. 15  MHz 
500  kHz 
+3  dbm 
8.5  db 
37  db 


To  further  test  stability,  an  aluminum  plate  1  foot  by  2  feet  was  held  at 
various  distances  from  the  broadband  moncpole  1  foot  above  the  ground  plane.  No  oscil¬ 
lation  was  observed  until  the  aluminum  plate  physically  touched  the  monopole. 

Qualitative  GO-NO-GO  field  tests,  similar  to  those  discussed  previously 
were  performed,  and  in  all  instances  communication  was  established  when  the  repeater 
was  inserted. 
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FIGURE  15.  WIDE-BAND  REPEATER  SYSTEM  TEST  (FIELD) 


SUCTION  IV 

CONCLUSIONS  AND  UK  CO  MKNDATIONS 


The  results  of  this  theoretical  and  oxpt*  1  mental  invi  st i^i t i on  indicate  that 
the  hybrid  amplifier  Fj,  Fj  single -frequency  repeater  concept  is  indeed  feasible. 

A.  NARROW-BAND  OPERATION 

Narrow-band  (30  kHz)  F,,  F,  repeaters  have  been  constructed  with  gains 
approaching  the  theoretical  limit,  uperalion  over  such  narrow  bandwidths,  to  in¬ 
crease  stable  operational  gain,  necessitates  the  use  of  crystal  filters.  The  use  of 
iiidividual-channe'  crystal  filters  in  a  system  of  several  hundred  channels  is  the 
limitation  on  narrow-band  operation  in  view  of  the  logistics  problem  involved.  In 
order  to  achieve  this  high-gain  performance  over  the  entire  30  to  76  MHz  band  with¬ 
out  the  use  of  920  separate  individual  channel  filters,  a  down  conversion  scheme  could 
be  employed.  For  example,  at  10.7  MHz,  narrow-band  and  miniature  IF  components 
are  readily  available.  This  approach  would  require  a  frequency  synthesizer  as  a  local 
oscillator  to  the  down-converter.  The  same  synthesizer  would  feed  an  up-converter 
which  would  return  the  signal  to  its  original  frequency  after  IF  amplification  and  filter¬ 
ing. 


This  approach  would  combine  high-gain  operation  with  high  selectivity, 
without  the  use  of  individual  channel  filters.  An  automatic  gain  control  circuit  could 
also  be  added  which,  when  implemented  with  a  sensing  circuit  in  the  hybrid  to  detect 
hybrid  unbalance,  would  automatically  adjust  the  repeater  gain  to  achieve  maximum 
gain  under  varying  conditions  of  antenna  environment. 

B.  WIPE-BAND  OPERATION 

As  discussed  in  Section  II,  and  shown  in  Section  III  D,  wide-band  operation 
implies  lower  repeater  gain.  The  extent  of  gain  reduction  depends  on  how  broadbanded 
the  antenna  can  be  made,  and  how  well  the  hybrid  termination  can  track  the  antenna  char¬ 
acteristics  over  the  frequency  range  in  question. 

Operation  of  Fj,  Fi  repeaters  over  the  frequency  range  of  the  AN/PRC-25 
transceiver  (30  to  76  MHz)  requires  satisfying  the  above  conditions.  At  present,  there 
are  two  ideas  on  methods  to  accomplish  this  broadband  operation.  The  first  approach 
would  entail  extensive  research  and  fabrication  of  an  antenna  that  is  broadbanded,  and 
meets  the  requirements  of  having  a  VSWR  of  less  than  1.05  over  the  band.  With  this 
accomplished,  a  simple  50-ohm  low-VSWR  hybrid  termination  could  be  used.  The 
amplifier  loop  w’ould  consist  of  a  tunable  amplifier-filter  combination.  This  method 
is  technically  difficult,  perhaps  requiring  new  techniques  in  antenna  structures  to  be 
implemented  in  place  of  the  conventional  monopole  or  dipole  structure. 

The  second  approach  could  utilize  an  adjustable  monopole  (or  dipole)  and 
a  ganged  range  switch  to  tune  the  antenna-hybrid  system  over  the  frequency  band.  The 
amplifier  loop  would  again  be  either  a  wide-band  amplifier  or  a  tunable  amplifier- 
filter  combination.  This  is  the  more  conventional  method  of  attacking  the  broadband¬ 
ing  problem  and  one  whose  performance  results  can  be  reliably  predicted.  The  fact 
that  a  range  switch  and  more  tuning  elements  are  involved  requires  the  physical  size 
of  the  repeater  to  be  increased  slightly.  If  varactor  tuning  is  used,  miniaturization 
will  not  present  a  problem. 
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Wide-band  repeater  operation  has  other  sid.‘  effects  which  mav  or  may  not 
be  detrimental,  depending  upon  environment  and  frequency  density  With  a  wide-open 
front  end,  the  amplifier  is  subject  to  jamming  from  any  frequency  in  the  operating 
range,  and  multiple  access  may  be  a  problem  (high  level  signal  will  dominate  the 
repeater). 


In  order  to  extend  this  feasibility  concept  to  include  a  wide  bandwidth,  or 
widely  tunable  model,  suitable  for  field  deployment,  it  is  recommended  that  additional 
effort  be  expended  in  the  development  01: 

1.  Wide  bandwidth  and  widely  tunable,  low  VSWR  antennas  suitable 
for  field  deployment  by  relatively  unskilled  personnel. 

2.  Wide  bandwidth  and  wi  ely  tunable  hybrid  terminations  which 
reproduce  the  desired  antenna  characteristics  and  thus  enhance 
stability  of  the  repeater  for  high-gain  operation. 

3.  Necessary  circuit  techniques  to  provide  automatic  gain  control 
of  the  repeater  as  a  function  of  nybrid  unbalance  caused  by 
changes  in  the  antenna  environment. 

C.  MINIATURIZATION 


The  extent  to  which  miniaturization  is  possible  is  only  limited  by  present- 
day  microminiature  components.  As  the  state  of  the  art  advances  in  this  area,  size 
becomes  less  and  less  a  problem.  The  F« ,  Fj  repeater  circuitry  can  be  completely 
contained  in  a  volume  of  2.  5  cubic  inches.1  Figure  16  shows  an  AlL  microminiature 
amplifier  and  filter.  Within  this  case,  there  is  sufficient  room  to  house  all  of  the 
remaining  components  to  complete  the  F«,  F,  repeater,  including  the  special  hybrid 
and  the  antenna  broadbanding  network. 

The  schematic  of  this  amplifier  is  shown  in  Figure  17.  The  amplifier  con¬ 
sists  of  four  modular  stages  preceding  the  filter  and  one  following  the  filter.  This 
amplifier-filter  combination  has  several  advantages.  When  compared  to  the  wide-band 
repeater  amplifier-filter  combination,  it  can  be  seen  that  there  is  a  reduction  in  size 
from  11  to  2.  5  cubic  inches  there  is  sufficient  room  remaining  in  the  2.  5-cubic  inch 
case  to  construct  the  hybrid  and  antenna  matching  network.  Therefore,  the  complete 
Fi,  F  |  repeater  circuitry  can  be  contained  in  this  2.  5-cubic  inch  volume.  The  noise 
figure  of  this  microminiature  amplifier  is  only  2. 1  db.  In  addition  to  this  low-noise 
figure,  the  input  stages  can  accept  -20  dbm  before  a  1-db  gain  compression  occurs. 

The  small  filter  used  with  the  microminiature  amplifier  has  a  loss  of  30  db  because 
the  unloaded  Q  in  a  volume  of  0. 25-cubic  inches  is  low,  being  typically  less  than  100. 
However,  the  18-db  per  stage  gain  of  the  five  microminiature  modules  can  more  than 
compensate  for  this  high  filter  insertion  loss,  and  because  of  their  small  size,  the 
overall  volume  of  the  amplifier-filter  combination  is  drastically  reduced.  The  speci¬ 
fications  for  the  microminiature  amplifier  -filter  combination  are  tabulated  below: 

f0  30  MHz 

BW3db  0.  7  MHz 

Gain  40  to  60  db  nominal 

Noise  figure  2. 1  db 

A  further  reduction  in  size  of  the  amplifier  and  filter  is  possible.  Figure  18 
shows  a  photograph  of  an  AIL  microminiature  module  which  has  30-db  gain  at  30  MHz. 
Three  of  these  modules  will  provide  sufficient  gain  for  the  Fj,  Fj  repeater.  By  using 
miniature  inductors  and  capacitors,  a  smaller  filter  than  was  used  in  the  microminiature 
amplifier-filter  unit  described  previously  can  be  constructed.  The  higher  loss  of  the 
small  filter  can  be  accepted  because  of  the  high  gain  of  these  modules  It  is  expected 
that  by  this  method,  the  overall  volume  of  the  F, ,  Fi  repeater  can  be  made  to  approach 
1  cubic  inch. 
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FIGURE  16.  MICROMINATURE  TUNED  AMPLIF  IER 
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FIGURE  17.  MICROMINIATURE  30-MHz  TUNED  AMPLIFIER 
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APPENDIX  I 

ANTENNA  MATCHING  ANALYSIS 


This  appendix  presents  a  detailed  analysis  of  the  low-frequency  dipole 
antenna  driving  point  impedance.  Two  types  of  tuning  are  considered:  a  single-tuned 
circuit  and  a  double-tuned  circuit.  It  is  shown  that  the  double-tuned  circuit  and  dipole 
antenna  have  a  voltage  reflection  coefficient  equal  to  the  normalized  deviation  of  the 
signal  being  passed.  Typically,  the  resultant  AM  sidebands  caused  by  this  frequency 
dependent  reflection  coefficient  will  each  be  more  than  42  db  down  from  the  leakage 
FM  carrier  power  appearing  at  the  receiver  input. 

For  the  electrically  short  dipole  antenna,  Jordan  (reference  3)  gives  the 
effective  radiation  resistance,  referred  to  the  antenna  input  terminals  as 


R 


11 


800 


tf) 


(3) 


where 

H  =  the  half-length  of  the  dipole  (Figure  19). 

X  =  the  free  space  wavelength  of  the  excitation. 

The  approximate  reactance  of  the  antenna  is  given  by 

Xn=-Z0'  ctn  &  H 

since  . 

Z  '  =120  I  In  §•  -  1 

o  l  a 

where 

P  =  wave  number  -  2ir/'X 
a  =  2r0A/2  (Figure  19) 

2rQ  =  diameter  of  the  dipole  antenna  element 
Thus,  the  antenna  input  impedance  is 


(4) 

(5) 


ZnM  =  800  i  f 


-  j  Zj  Ctn  p  H 


(6) 


for  H  <  0.  2. 
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To  a  first  'ipproximation  the  radiation  resistance  dependence  on  frequency 
can  be  written  as 


Rn(y)  =  Rn(°)  G  +  2y) 


(7) 


where 

y  =  the  normalized  deviation,  df/f0 
df  =  the  deviation  from  center  frequency 
f0  =  the  center  frequency 
XQ  =  the  wavelength  at  c  nter  frequency 
Rjj  (o)  =  800  (i  'A0)2 


FIGURE  19.  CYLINDRICAL  ANTENNA 


When  second  order  frequency  effects  (y2)  have  been  neglected,  and  using  trigonometric 
identities, 

Xll(y)  "  *  Zo  Ctn  *oH  (1  -  “oy)  *  -  Xll(o)  (1  '•  V'  (8) 
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where 

-  2A> 

a  =  2  $0H/ 8:n  2  /SQH 

y  =  Af/f0 

Xn  (o)  -  Zq  ctn  /30H 


Thus,  the  input  impedance  to-  the  antenna  is 

Za  =  Rn(o)  (1  +  2y)  -  j  Xn(o)  (1  -  Oq y)  (9) 


This  is  shown  in  Figure  20. 


R„  =  800 


C0  (t) 


FIGURE  20.  EQUIVALENT  CIRCUIT  FOR  SHORT  ANTENNA 


To  utilize  this  antenna  in  a  circuit,  its  r  .'actance  will  have  to  be  tuned  out; 
the  most  straightforward  manner  of  accomplishing  this  is  with  an  inductor  either  in 
series  with  the  antenna  (low-impedance  mode)  or  in  shunt  with  the  antenna  (high-imped¬ 
ance  mode).  Both  cases  yield  the  same  result  for  VSWR  and  reflection  coefficient. 

When  an  inductor  in  series  with  the  antenna  is  used  to  tune  the  antenna, 
and  the  resistance  is  transformed  to  the  characteristic  impedance  of  the  line,  the 
reflection  coefficient  (for  the  range  of  interest)  is  given  approximately  by 


rhus, 


j 

1 


Xn  (o) 

r2;j2iq7foj<t  +  ao>y 


hVT 

2ro 


1 

2  &H 

lj  cot  0OH 

[  +  sin  2 

2(800) 


2  it  j 
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This  Is  plotted  iu  Figure  21.  Fur  small  valves  of  F,  the  Vaw’K  is  given  by 


VSWR  >  1  +  2T 


Figure  22  shows  the  schematic  diagram  of  the  antenna  with  a  doLble-tuned 
matching  section.  Analysis  shows  that  the  voltage  reflection  coefficient  of  the  com¬ 
posite  tuned  network  (with  antenna)  is  approximately  given  by 


r  =  y 


Thus,  we  see  that  the  voltage  reflection  has  been  reduced  by  a  factor  of 
(1  +  05)  [Xii(o)]/2R (o)  over  that  of  the  single-tuned  case.  This  typically  represents 
a  reduction  of  about  26  (26  db  in  reflected  power). 

The  effective  coupling  between  the  repeater  output  and  receiver  input  can 
be  calculated  from  Figure  23.  If  the  power  output  of  the  repeater  transmitter  is  P, 
then  1/2  P  is  delivered  to  the  antenna  by  virtue  of  the  hybrid  action.  The  antenna, 
having  voltage  reflection  coefficient  T,  reflects  back  to  the  hybrid  power  (1/2  P)  |rj  , 
and  half  of  this  is  delivered  to  the  receiver  input  (that  is,  1/4  P  |r]  2).  The  hybrid 
isolation,  I,  is  expected  to  be  greater  than  30  db;  that  is,  any  feed  through  component 
will  be  more  than  30  db  down.  Ti  .us,  the  voltage  appearing  ?.t  the  receiver  input  due 
to  the  transmitter  is 


'12 


=  I 


>♦# 


(10) 


The  isolation,  I,  is  nominally  independent  of  frequency;  however,  to  a  first  approxi¬ 
mation,  T  is  given  directly  by  the  normalized  frequency  deviation  (double-tuned  circuit). 
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FIGURE  21.  NORMALIZED  REFLECTION  COEFFICIENT  VS  ANTENNA 
LENGTH 
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FIGURE  22.  ANTENNA  WITH  DOUBLE-TUNED  MATCHING  SECTION 


REPEATER  OUTPUT 


FIGURE  23.  HYBRID  FOR  COUPLING  REPEATER  OUTPUT  TO  RECEIVER  INPUT 
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APPENDIX  n 

ANTENNA  IMPEDANCE  DATA 
A.  MONOPOLE  ANTENNA -NO  MATCHING  NETWORK 


The  data  in  the  appendix  is  that  of  the  monopole  antenna  of  Figure  8.  The 
lest  was  performed  in  the  following  manner.  The  antenna  was  mounted  at  the  top  of 
a  20-foot  support,  and  the  BNC  connector  end  of  the  22 -foot  antenna  feed  cable  was 
attached  to  a  Boonton  RX  Meter  (Model  250-A)  at  ground  level.  The  antenna  imped¬ 
ance  was  then  measured  at  each  of  the  designated  frequencies.  Exact  frequencies 
were  set  on  the  RX  Meter  using  a  frequency  counter  (Hewlett-Packard  Model  5244L). 
The  data  (Table  I)  has  been  plotted  to  present  it  in  a  more  useful  form  (Figures  24 
and  25. 

B.  DERIVATION  OF  MONOPOLE  ANTENNA  EQUIVALENT  CIRCUIT 

From  the  previous  data,  it  can  be  seen  that,  to  a  first  approximation,  the 
antenna  represents  a  series  RLC  circuit. 

For  the  narrow -band  case  the  reactance  variation  can  be  derived 


2 

where  equals  L/C. 
Let, 

Then 


X(w)  =  wL 


w  “  wo  +  4 


(13) 


Thus 


x(6)  =(W0  +8)  L 


(14) 


X(6)  =  (wQ  +  6)  L  l-jl-~) 

(15) 

0  / 

J 

X(6)  «(« i+6)  L§- 

(18) 

0 

X(6)«  2  6L 

(17) 
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TABLE  I 

MONOPOLE  ANTENNA  IMPEDANCE-NO  MATCHING 


Frequency 

(MHz) 

Shunt  Z 
(measured) 

(R  +  Pf) 

H 

x/z 

0 

28. 900 

20.4+4 

20.4  - j  1400 

20.4  +  j  0 

mm 

29.000 

21.0  -  25 

21.0  +  j  220 

21.0  +  j  2.0 

EEfl 

+  0.C4 

29. 100 

22.0  -  50 

22.0  +  j  110 

22.0  +  j  5.0 

mm 

+  0.  10 

29.200 

23.7  -  71 

23.7  +  j  73 

23.0  +  j  8.0 

0.46 

+  0.  16 

29. 300 

26.0  -  86 

26.0  +  i  63 

22.  0  +  j  9.0 

0.44 

+  0.  18 

29.400 

28.5  -  94. 5 

28.5  +  j  57 

23.0  +  j  12.0 

0.46 

+  0.24 

29. 500 

31. 1  -  100 

31. 1  +  j  55 

23.  0  +  j  14.0 

0.46 

+  0.28 

29.  COO 

35.0  -  101.4 

35.0  +  j  52.0 

24.0  +  j  16.5 

0.48 

+  0.33 

29.700 

38.9  -  100 

38.9  +  j  52.0 

25.0  +  j  18.0 

0.50 

+  0.36 

29.750 

40.8  -  99.0 

40.  8  +  j  53.0 

26.0  +  j  20.0 

0.52 

+  0.40 

29.800 

42.7  -  97.8 

42.7  +  j  53.5 

26.5  +  j  21.0 

0.53 

+  0.42 

29.850 

45. 1  -  96.0 

45.0  +  j  54 

27.0  +  j  22.5 

0.54 

29. 900 

17.  2  -  93.9 

47.2  +  j  56 

27.5  +  j  23.0 

0.55 

29.925 

48.4  -  93.0 

48.4  +  j  56 

27.5  +  j  23.0 

0.  ^5 

+  0.46 

29.950 

49.5  -  92. 1 

49.5  +  j  58 

28.0  +  j  24.5 

0.56 

BBS 

29.975 

51.0  -  90.7 

51.0  +  j  53.  5 

23. 5  + j  25.5 

0.57 

m 

30. 000 

52.0  -  89.4 

52.0  +  j  60 

30.0  +  )  26.0 

0.60 

+  0.52 

30. 025 

53.0  -  88.4 

53.0  +  j  60 

30.0  +  j  26.5 

0.60 

+  0.53 

30.050 

54.2  -  87.2 

54.2  +  j  60.5 

30.  5  +  j  27.5 

0.61 

+  0.  55 

30.075 

55.2  -  86.3 

55.2  +  j  61.0 

30.5  +  j  27.5 

0.61 

+  0.55 

30. 100 

56. 4  -  85.0 

56.4  +  j  62.0 

31.0  +  j  28.0 

0.62 

30. 150 

59.0  -  82.6 

59.0  +  j  63.0 

31.5  +  j  29.0 

0.63 

30. 200 

61.9  -  80.0 

61.9  +  j  65.5 

32.  5  +  j  31.0 

0.65 

+  0.62 

30.250 

64.0  -  77.8 

64.0  +  j  66.0 

32.5  +  j  32.0 

0.  65 

+  0.  64 

30. 300 

66.5  -  75.0 

66.  5  +  j  70.  0 

35.0  +  j  33.0 

0.70 

r  0.66 

30. 400 

71.0  -  70.0 

71.0  +  5  75.0 

37.  5  +  j  36.  0 

0.  75 

+  0.72 

30. 500 

76.0  -  65.2 

76.0  +  j  80.. 0 

40.0  +  j  37.5 

0.  F0 

+  0.75 

30. 600 

80.  3  -  61 

80. 3  +  j  85.0 

42.  0  +  j  40 

0.84 

+  0.82 

30. 700 

86.0  -  56.3 

86.0  +  j  93.0 

47.0  +  j  44 

0.94 

*  0.88 

30. 800 

90.3  -  52 

90. 3  +  j  100.0 

50.  0  +  j  45 

1.00 

«■  0.90 

» 
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ANTENNA 

EQUIVALENT 

CIRCUIT 


I.84JUH 


17  pf 
i  ( 


1C 


O 


^  2!  OHMS 


FIGURE  25.  RESISTANCE  AND  REACTANCE  VS  FREQUENCY  FOR  MONO¬ 
POLE  ANTENNA 
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X  IN  OHMS 


This  relation  allows  us  to  calculate  L  (ph)  the  equivalent  inductance  of  the 
antenna.  Inserting  values  from  the  data, 

6  =  2 it  (30200  -  28900)  x  103 
For  X  =  30 


L  =  (2)  (2tt)  (1.3)  *  ll34uh 

Knowing  L  and  the  resonant  frequency  (28.  9  MHz),  C  is  found  to  be  16.  5  pf. 

The  equivalent  circuit  of  the  monopole  antenna  ia  shown  in  Figure  26. 


1 .8  JUH 


O— 


■K 


17  pf 


21  OHMS 


FIGURE  26.  MONOPOLE  ANTENNA  EQUIVALENT  CIRCUIT 


This  information  allows  us  to  design  the  required  matching  networks. 

C.  MONPOLE  ANTENNA  WITH  BASIC  MATCHING  NETWORK  FOR 
HIGH-GAIN  REPEATER  _ 


The  basic  matching  network  for  the  high-gain  repeater  was  selected  to 
reduce  the  antenna  reactance  to  zero,  and  its  resistance  to  50  ohms  at  30  MHz.  This 
network  effectively  reduced  the  complex  impedance  variations  so  that  a  VSWR  of  1. 02 
was  obtained  over  50  kHz  centered  at  30  MHz.  With  this  network,  repeater  gains  of 
50  db  have  been  observed.  The  antenna  basic  matching  network  have  the  equivalent 
circuit  shown  in  Figure  27. 
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ANTENNA  MATCHING 

NETWORK 


FIGURE  27.  MONOPOLE  ANTENNA  AND  BASIC  MATCHING  NETWORK 
EQUIVALENT  CIRCUIT 
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The  antenna  and  this  matching  network  were  tested  in  a  similar  manner 
as  the  monopole  antenna. 

The  data  shown  in  Table  11  and  graphs  are  presented  in  Figures  28  and  29. 


TABLE  It 

MONO  POLE  ANTENNA  AND  BASIC  MATCHING  NETWORK  IMPEDANCE 


Frequency 

(MHz) 

Shunt  Z 

R  +  pf 

Shunt  Z 

R  +  j  X(Ci) 

Series  Z 

R  +  ]  X(0) 

R/Z0 

*Zo 

28. 900 

29.  5 

- 

100.0 

29.000 

32.0 

- 

90 

29. 100 

34.  8 

- 

79 

29. 200 

36.  9 

- 

69 

29.  300 

39.2 

- 

59 

29.400 

41.  3 

- 

49.3 

29.500 

43.2 

- 

40.5 

43.2  +  j  135 

39 

+  j 

13.0 

0.78 

+0.26 

29.  600 

45.0 

- 

31.5 

45.0  +  j  175 

42.5 

+  j 

11.0 

0.  85 

+  0.22 

29.700 

46.  3 

- 

23.4 

46.  3  +  j  230 

46.0 

+  1 

9.0 

0.92 

+  0.  18 

29.750 

47.0 

- 

19.6 

47.0  +  j  270 

45.7 

+  j 

8.0 

0.915 

+  0.  16 

29. 800 

47.7 

- 

15.7 

47.7  +  j  335 

47.0 

+  i 

6.7 

0.94 

+0. 134 

29.850 

48.2 

- 

11.6 

48.2  + j  465 

47.7 

+  i 

4.95 

0.954 

+0.099 

29. 900 

49.0 

- 

8.  3 

49.0  +  j  670 

48.  9 

+  j 

3.55 

0.978 

+0.071 

29.925 

49.  3 

- 

6.4 

49.  3  +  j  850 

49.3 

+  j 

2.  84 

0.  986 

+0.057 

29.950 

49.5 

- 

4.5 

49.5  +  ]  1090 

49.5 

+  j 

2.25 

0.  99 

+0.045 

29.975 

49.  8 

- 

2.  8 

49.  2  +  j  1900 

49.2 

+  j 

1.27 

0.99 

+0.045 

30.000 

50.0 

4- 

0 

50  +  i  * 

50 

+  j 

A 

V/ 

1.00 

0 

30.025 

50.2 

+ 

0.7 

50.2  -  ]  5000 

50.2 

-  i 

0.5 

1  004 

-0.01 

30.050 

50.  3 

•f 

2.5 

50.  3  -  j  2200 

50.3 

-  j 

1.  1 

1.005 

-0.022 

30.075 

50.6 

+ 

3.  9 

50.  6  ~  j  1350 

50.6 

*  j 

1.9 

1.012 

-0.038 

30. 100 

50.7 

4- 

5.7 

50.7  -  j  900 

50.7 

-  j 

2.  8 

1.013 

-0.05C 

30. 150 

51.0 

•f 

9.0 

51.  0  -  j  S00 

50.7 

-  j 

4.28 

1.013 

-0.086 

30.200 

51.  2 

4- 

12.  1 

51. 2  -  j  440 

50.7 

-  j 

5.8 

1.013 

-0. 116 

30. 250 

51.4 

4- 

15.  3 

51.4  -  i  360 

50.  3 

-  i 

7.2 

1.005 

-0. 144 

30.  300 

51.5 

4- 

18.  3 

5 1 . 5  -  j  300 

50 

-  j 

8.  6 

1.00 

-0.  172 
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APPROXIMATE  EOU'VALENT  CIRCUIT 


FIGURE  29.  RESISTANCE  AND  REACTANCE  VS  FREQUENCY  FOR  MONO  POLE 
ANTENNA  AND  BASIC  MATCHING  NETWORK 


IN  OHMS 


D.  MONOPOLE  ANTENNA  WITH  TWO- POLE  BUTTERWORTH  MA^CH- 
ING  NETWORK  FOR  WIDE -BAND  REPEATER _ 

Further  broadband  operation  of  the  repeater  required  better  antenna  VSWR 
over  the  designated  pass  band.  To  accomplish  this,  a  two-pole  Butterworth  filter  was 
investigated  because  of  its  maximally  flat  response.  Further,  the  antenna  and  basic 
matching  network  described  in  A  •  dix  I-C  shews  characteristics  (constant  series  re¬ 
actance  change  versus  frequency)  ..Inch  lend  itself  to  broadband  matching.  A  network 
was  then  designed  to  have  a  slope  opposite  of  this  reactance  change.  In  this  manner, 
reactance  variations  over  the  pass  band  could  be  reduced  (actually,  cancelled  in  the 
neighborhood  of  resonance). 

The  network  shown  in  Figure  30  ,vas  designed  and  measurements  (Table  III 
and  Figures  31  and  32)  show  ihat  antenna  VSWR  of  less  than  1.05  can  be  maintained 
over  a  bandwidth  of  approximately  1.5  MHz. 


ANTENNA  MATCHING  NETWORK 


FIGURE  30,  FINAL  MATCHING  NETWORK  FOR  WIDE-  CAND  RECEIVER 


Based  upon  this  VSWR  data,  the  allowable  amplifier  gain  was  calculated 
from  Figure  5  eo  as  to  specify  the  amplifier  loop  band-pass  filter  characteristic  re¬ 
quired.  This  is  shown  in  Figure  33. 

The  measured  impedance  data  and  VSWR  follow. 

E.  DISCONE  ANTENNA  IMPEDANCE  MEASUREMENT 

Antenna  Impedance  measurements  of  the  discone  antenna,  discussed  in 
Section  ffl-A  and  shown  in  Figure  9,  indicate  that  even  wider  band  antenna  matching  is 
possible.  Certain  tradeoffs  are  necessary,  and  the  resulting  system  configuration 
may  or  may  not  be  desirable,  depending  upon  system  application.  Fundamental  rela¬ 
tions,  discussed  in  Appendix  I,  show  that  a  broadbanding  effect  can  be  prod  -.  :ed  by  in¬ 
creasing  the  thickness-to-height  ratio  (r^H)  of  the  antenna.  This  relationship  is 
shown  in  Figure  21.  The  necessary  effect  is  that  the  antenna  becomes  larger.  Match¬ 
ing  networks  vary  from  simple  one-pole  networks  for  narrow-band  operation  to  com¬ 
plex  two-  or  three-pole  networks  for  wide -band  operation.  The  degree  of  complexity 
depends  on  the  system  gain  and  bandwidth  desired.  ' 

The  d'seone  antenna  impedance  measurements  are  presented  in  Table  IV 
and  are  included  he~e  as  a  comparison  to  those  of  the  monopole  antenna.  Figures  34 
and  35  are  the  graphs  of  the  discone  antenna. 
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Note  that  this  antenna  is  resonant  at  30.  8  MH2  where  its  resistance  is 
reasonably  flat  and  eqrual  to  166  ohms.  To  bring  the  antenna  resonance  down,  we  would 
have  to  increase  its  physical  length. 

A  matching  network  would  be  used  to  transform  the  166  ohms  to  50  ohms, 
a  ratio  of  3.  3  to  1.  This  means  that  any  resistance  changes  over  a  ^iven  bandwidth 
would  be  reduced  by  this  factor.  For  example,  a  resistance  change  cf  2  ohms  yields  a 
reflection  coefficient  (r)  of  0.02  or  a  VSWR  of  1.  04  or  maximum  gain  of  34  db  at  50-ohm 
lmpedanc  .  This  means  the  antenna  resistance  could  vary  up  to  6.  6  ohms.  From  Fig¬ 
ure  35,  tids  gives  a  bandwidth  of  30.  1  to  31.  6  or  1.5  MHz.  This  does  not  take  into 
account  the  better  match  that  would  be  achieved  by  adding  more  filters  in  the  matching 
network.  The  matching  network  would  also  reduce  the  reactive  variations  over  the 
bandwidth  required. 


TABLE  m 

MONOPOLE  ANTENNA  AND  TWO-POLE  MATCHING 
NETWORK  IMPEDANCE 


Frequer.cy 

(MHz) 

Shunt  Z 

Rpipf 

Shunt  Z 

Rp  ♦  J  yn) 

Series  Z 

Ra  1  j  X8(0) 

Rs/Zo 

VZo 

r 

Gmax 

(db) 

VSWR 

29.40 

41.5  +  14.  8 

41.5  -  ]  360 

41.5  -  )  4.7 

0.83 

-0.  094 

0. 10 

25 

1.27 

29.50 

43.7  +  8.  1 

43.7  -  j  650 

43.  6  -  j  2.9 

0.87 

-0.  058 

0.07 

29 

1.15 

29.60 

45.5  +  3.  6 

45.5  -  j  1500 

'5. 5  -  j  1.4 

0.91 

-0.  028 

0.047 

31 

1.1 

29.70 

48.0  +  1.  15 

48.0  -  ]  4500 

48.0-)  0.5 

0.96 

-0.01 

0.02 

37 

1.04 

29.80 

50.0  -  0.  3 

50.0  4  j- 

50.  0  4  )  0 

1.0 

0 

0 

37 

1.00 

29.90 

51.5  -  0.7 

51.5  4  j  * 

51.5  4  j  0 

1.03 

0 

0.02 

37 

1.04 

30.00 

52.  1  -  0.  3 

52.  1  4  j- 

52.  1  4  J  0 

1.04 

0 

0.02 

37 

1.04 

30.  10 

52.4  -  0.4 

52.4  4  j- 

52.4  4  j  0 

1.05 

0 

0.02 

37 

1.04 

|  30.20 

52.2  -  0.8 

52.2  4  j- 

62.2  4  J  0 

1.04 

0 

0.02 

37 

1.04 

30.30 

51.8-  1.7 

51.8  4  ,  3000 

51.8  4  )  0.9 

1.04 

40.018 

0. 02 

31 

1.04 
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47.0  4  )  5.6 
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FIGURE  33,  MAXIMUM  AMPLIFIER  GAIN  VS  FREQUENCY  (3ASED  ON  ANTENNA 
VSWR  MEASUREMENTS) 
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TABLE  IV 

DISCONE  ANTENNA  IMPEDANCE  MEASUREMENTS 


Frequency 

(MHz) 

Shunt  Z 

V5* 

Shunt  Z 

R  +  j  X(O) 

X/Z0 

bp 

(m  mho) 

Q2 

29.  000 

126.  5  -  53.  5 

126.5  +  j  105 

52.0  +  j  62.  0 

1,04 

+1.  24 

wgm 

29.200 

135.0  -  46.  5 

135.0  +  j  115 

57.0  +  j  66.  5 

1.  14 

+1.  33 

29.400 

142.0  -  40.0 

142.0  +  j  140 

64.5  +  j  76.  5 

1.29 

+  1.53 

-140 

-7.  1 

ISC 

29.  600 

149.0  -  33.8 

149.0  +  j  160 

80.  0  +  j  76.0 

+1.52 

-160 

-6.  3 

0.87 

29.  800 

154.0  -  27.8 

154.0  +  j  200 

96.  0  +  j  74.5 

1.  92 

+1.  49 

-5.0 

0.  60 

30.  000 

158.0  -  22.0 

158.0  +  J  250 

113.0  +  j  71.  5 

2.26 

+1.43 

-4.0 

0.49 

30.  200 

162.0  -  16.  6 

162.  0  + j  330 

2.  62 

+1.  32 

-3.0 

0.  74 

30.400 

164.5  -  11.3 

164.  5  +  j  440 

144.0  +  j  53.5 

2.90 

-2.  3 

0.  14 

30. 600 

165.5-  6.1 

165.5  +  j  850 

160.  0  +  j  30.  8 

3.20 

+0.  617 

-850 

-1.2 

0.  038 

30. 800 

166.0-  1.0 

166.  0  +  j  5000 

166.0  +  j  0 

3.  32 

0 

-5000 

-0.  2 

0.0011 

31.000 

166.0  +3.9 

166.0  -  j  1300 

164.0  -  j  21.4 

3.28 

-0.  428 

+1300 

+0.8 

0.0164 

31.200 

164.0  +8.7 

164.0  -  ]  570 

151.0  -  j  47.5 

3.02 

-0.95 

+570 

+1.8 

0.083 

31.400 

162.0  +  13.  3 

162.0  -  j  380 

137.0  -  j  58.  5 

2.74 

-1.  17 

+380 

+2.0 

0.  182 

31.600 

159.5  +  18.0 

159.5  -  j  280 

120.0  -  j  68.5 

2.40 

_ 

-1.  37 

+280 

+3.6 

0.325 
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FIGURE  34.  SMITH-CHART  PLOT  FOR  DISCONE  ANTENNA  IMPEDANCE  VS 
FREQUENCY 
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FIGURE  35.  RESISTANCE  AND  REACTANCE  VS  FREQUENCY  FOR  DISCONE 
ANTENNA 
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APPENDIX  HI 
HYBRID  ANALYSIS 


The  hybrid  used  in  the  broadband  Fj,  Fj  repeater  utilized  wide-band  toroi¬ 
dal  transformers  (reference  4),  rather  than  the  transmission  line  described  in  Sec¬ 
tion  m-B.  A  circuit  daigram  of  a  basic  hybrid  utilizing  toroidai  transformers  is  shown 
In  Figure  36.  In  this  circuit,  Jj  is  connected  to  the  antenna,  and  J,^  and  Jg  are  connected 

to  the  amplifier.  Transformer  Tj  is  an  impedance  matching  transformer.  The  actu¬ 
al  hybrid  is  formed  by  Tg  and  Rj.  A  signal  entering  the  center  tap  of  T2  will  divide 
and  flow  to  both  Jg  and  Jg.  The  fields  created  by  these  two  currents  will  cancel  be¬ 
cause  they  a.  e  in  opposite  directions.  Through  these  paths,  in  T2,  both  the  input  and 

output  of  the  amplifier  are  connected  to  the  antenna.  The  isolation  developed  between 
,Tt  and  Jg  can  be  understood  by  noting  that  a  current  Injected  at  Jg  will  divide.  The 

current  flowing  to  the  tap  is  termed  Ij  and  the  current  flowing  through  Rj  is  termed 
I2.  Ij  will  reduce  a  current  in  the  upper  half  of  Tg  which  will  flow  in  a  direction  op¬ 
posite  to  Ij.  This  current  is  termed  Ig.  Ig  will  normally  cause  current  to  be  drawn 
from  Jg  and  destroy  the  isolation;  however,  the  current,  I2  flowing  through  Rj  is 
equal  in  magnitude  and  phase  to  Ig.  Ig  becomes  ^  and  ideally  no  current  is  drawn 
from  Jg.  In  this  way,  isolation  is  produced  between  Jg  and  Jg.  It  should  be  noted 
that  Ig  is  approximately  180  degrees  out  of  phase  with  Ij.  To  cancel  this  current, 

Ig  is  fed  in  phase  through  the  resistive  element,  Rj. 

The  variation  in  the  phase  and  magnitude  of  the  antenna  VSWR  from  per¬ 
fect  (unity  VSWR  at  zero  phase  angle),  can  be  compensated  for,  to  some  degree,  in 
the  antenna  matching  network.  Further  compensation  is  possible  at  port  Jj  or  the 

other  ports  of  the  hybrid.  The  impedance  reflected  through  the  antenna  matching 
network  or  through  the  hybrid  must  be  determined  exactly  for  the  particular  antenna 
and  frequency  range.  With  this  complex  Impedance  information,  a  network  is  syn¬ 
thesized  to  preserve  the  isolation  over  as  broad  a  frequency  range  as  practical  com¬ 
ponents  will  permit.  In  addition,  phase  and  amplitude  adjustment  components  are 
Included  in  this  network  to  compensate  for  impedances  which  do  not  present  unity 
VSWR  at  the  center  frequency. 
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